N

N

Macrospin limit and configurational anisotropy in
nanoscale permalloy triangles
L. Thevenard, H.T. Zeng, D. Petit, R.P. Cowburn

» To cite this version:

L. Thevenard, H.T. Zeng, D. Petit, R.P. Cowburn. Macrospin limit and configurational anisotropy
in nanoscale permalloy triangles. Journal of Magnetism and Magnetic Materials, 2010, 322 (15),
pp.2152-2156. 10.1016/j.jmmm.2010.01.048 . hal-00436024

HAL Id: hal-00436024
https://hal.science/hal-00436024
Submitted on 26 Nov 2009

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-00436024
https://hal.archives-ouvertes.fr

Macrospin limit and configurational anisotropy in nanosdaérmalloy triangles

L. Thevenard

H.T. Zeng

D. Petit

R. P. Cowburn
Blackett Laboratory, Physics Department, Imperial College London, Prince Consort Road, SWV7 2BW London, United Kingdom

Abstract

In Permalloy submicron triangles, configurational anispyr - a higher-order form of shape anisotropy - yields

three equivalent easy axes, imposed by the structures’ sgmrarder. Supported by micromagnetic simulations,
an experimental method was devised to evaluate the naoastwimensions for which a Stoner-Wohlfarth type of
reversal could be used to describe this particular magaeigontropy. In this regime, a straightforward procedure
using an in-plane rotating field allowed us to quantify ekpentally the six-fold anisotropy fields for triangles of

different thicknesses and sizes.
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1. Introduction

Much has been accomplished in previous years to
shrink the feature size of nanomagnets in view of in-
creasing the storage density of Magnetic Random Ac-
cess Memories (MRAM) and hard disk drives, but also
to develop materials exhibiting a magnetic anisotropy
strong enough to resist thermal fluctuations at small
dimensions, while remaining switchable by accessible
magnetic fieldsl[1,/2]. In the ubiquitous soft alloy
NigiFerg (Permalloy, Py), the magnetic anisotropy can,
in certain cases, be tailored by the geometry of the

nanostructure. For instance, appropriately sized Py el-

(n=3) evidence a six-fold anisotropy, squares-4) a
four-fold anisotropy, and pentagons=5) a ten-fold
anisotropy[4, 5/ 16]. Note that the necessity for easy
and hard axes to present the same symmetry leads to
frequency doubling for odd orders af[[7]. Configu-
rational anisotropy relies on the fact that at small di-
mensions, a uniform magnetization cannot be sustained
anymore in non-ellipsoidal structures, leading to a siz-
able deformation of the spin arrangement into an ener-
getically more favorable state, balancing exchange and
demagnetization energy costs. Thieet could for in-
stance allow the coding of multiple "bits” per nanos-
tructure, or be used for complex toggling or switching

lipses have two stable states, where the magnetizationnechanisms in MRAM type structures.

lies along the longer in-plane dimension of the element.
Another type of anisotropy exists in this material that

remains to be harnessed to technological applications:

configurational anisotropy (CA)[[3]. This phenomenon
is a direct &ect of the rotational symmetry ordem)(
of a nanostruture on its magnetic anisotropy: triangles
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To be of interest however, it is necessary to have
an excellent control of this anisotropy. fBErent ap-
proaches have been proposed to measure higher-order
magnetic anisotropies, such as Rotating field Magneto-
Optic Kerr Hfect (ROTMOKE) [8] in magnetic thin
films, or Modulated Field Magneto-Optical Anisometry
(MFMA) [9} B] in Supermalloy (Ni1Fe4sMos) and Fe
nanostructures presenting CA. In both methods, large
static fields are used to impose macrospin-like behav-
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ior in the structure, in order to interpret the data within is observed (120to 60°) upon a local sign inversion of

a Stoner-Wohlfarth (SW) model and extract a value for d?E/d®2. The amplitude of this transition is 80With

the strength of this anisotropy. Here we present an alter- increasing field, the 18Go 60 transition occurs aitl,
native reliable and straight-forward experimental tech- (amplitude of 120) and finally 60 to 0° occurs atHs
nigue to obtain the six-fold anisotropy field of submi- (once again a 6Qransition). For a field applied exactly
cron triangles, and we use micromagnetic simulations along 30, the 0 and 60 positions are strictly speaking

to define a criterion estimating the maximum triangle degenerate and the transition field then diverges; this ac-
dimensions up to which this parameter can indeed be tually leads to a computational artifact creating a slight

defined. asymmetry along the 3¢modulus 60] directions. The

60° transition shown in Figl]1c (fielels) will however

be possible as soon as the field is brought away from
2. Samples

Equilateral Py triangles were fabricated on Silicon by
a 20kV electron beam lithography, followed by thermal
evaporation and a lift46 process. A typical scanning
electron micrograph of these triangles was presented in
Ref. [5]. Their widths and thicknesses varied between
€=150-300 nm, and=6-26 nm, and they were spaced
by e into large 25x 25un? arrays. In these nanostruc-
tures, configurational anisotropy is responsible for two
possible magnetization states: a 'buckle’ state where the
global magnetization lies parallel to the edge, and the
spins buckle from one corner to the other; or the "Y-
state’, whereM follows a triangle bisector, the spins
splaying in (or out) from two corners toward the third
[9]. We have shown recently that for triangle dimen-
sions above 100 nm widEO nm thick, only the buckle
state can be stabilized| [5], such that thife[@odulus
60°] directions are easy axes, and the 380°] direc-
tions hard axes.

3. Stoner-Wohlfarth switching astroid

While nanostructures exhibiting CA cannot, by defi-
nition, exhibit a macrospin behavior in the strict sense,
it is tempting to compare their reversal to a Stoner-
Wohlfarth (SW) modell[10,/4], where the global mag-
netization is defined abi = (Mg, ®), and the pseudo
macrospin anisotropy is described by the simple energy
functional Es = Kgsin?(30), with ® defined with re-
spect to the base of the triangle dfgl= 2K¢/Ms. Here

the bisector. Applying the field in the opposite direc-
tion (30 + 18C) gives transitions of equal amplitude at
identical fields. For the field applied within 15f the
easy axes 0[60°], an initial 60 transition is followed
at much higher field by a full 180transition. Note
that there are two élierent types of 60transitions: the
"lower-field” ones with maxima along°d60°], and the
"higher-field ones”, with maxima along 3(060°]. For
each field directior, the transition field$; are eval-
uated in this way, and their locus plotted on the com-
plete astroid, where transitions offidirent amplitudes
60, 120 or 180have been labeled (Figl 1a).

Very much like the SW astroid of an ellipse presents
maxima along its long and short axes directions, Fig.
[Mla presents equal maxima along the easy and hard axes.
The envelope of the full astroid is therefore a twelve-
pointed star. The soldfect of increasing the anisotropy
field is to expand the astroid, keeping all features iden-
tical, as shown in Fig.[01b where three SW astroids
were calculated for values dfg between 2000 and
12000J/m? (for clarity, only the envelope of the astroid
is shown).

4. The rotating field method

4.1. Micromagnetic simulations

Following these calculations, a possibility to extract
a value ofKg from experimental data would be to use
an experimental switching astroid. The latter has been
measured [5], but this method tends to yield fairly large
error bars on the transition fields, as it requires to iso-

Ke is positive, giving the buckles to be easy axes as is late specific transitions as small kinks in the hysteresis
the case in our samples. To compute a SW switching loops. Another solution consists &rcing 60° rota-
astroid, a Zeeman term was then added to this expres-tions of the magnetization in the triangles, for instance

sion and the total enerdy studied as a function of the
applied fieldH = (H, ¢), with ¢ once again defined with
respect to the base of the triangle. The astroid is con-
structed as follows, taking the example where the field
H is ramped along the hard axjs = 30° (Fig. [dc).
Starting from theH = 0 energy functionaE(®), a pos-
itive field is ramped up téd; for which a first transition
2

by using a large rotating field. By measuring the field
amplitude required to observe a magnetization flip from
one buckle to the next, the 6@ransition fields can be
obtained and compared to the equivalent feature in the
SW model.

In order to test the validity of this approach, nu-
merical simulations (OOMMF package [11]) were first
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Figure 1: (a) Stoner-Wohlfarth switching astroid calcethfor a six-
fold anisotropy termKg = 12000 J/m?, with the transitionst60°,
+120° or 180. (b) Evolution of the envelope of the astroid fig
varying from 2000 to 12000/m3. (c) Energy landscape for fields
of increasing amplitude applied along°3@eading to-60° or —12C0°
transitions.

done on 310 nm wide, 10 nm thick triangles, using ¢
5 nm cell size,Ms = 800kA/m, A = 13 pJ/m and

a = 05. A rounding ofo = 60 nm was moreover
included to take into account the physical rounding of
our structuresDS], and the triangular mesh was titled
by 15 to spread pixelationftects. A counterclock-
wise field of amplitudeH;,; was then applied, starting
from the positivex direction with the magnetization ini-
tialized in a 0 buckle. Unsurprisingly, for low ampli-
tude rotating fieldsH, < 150 Oe), no rotation of the
global magnetizatiorm was observed at all, whereas
for H,ot > 1000 Oe M followed exactly the field. In the
intermediate regime, the temporal evolution of the mag-

netization and the corresponding spin configuration are

as shown in Figi12a,b (for clarity, the triangles were not
shown tilted by 15). Six abrupt 60 rotations ofM are
observed during a full field cycle, with the magnetiza-
tion flipping from one buckle to the next. The amplitude
of the transitions in Fig[J]2a corresponds to the projec-
3
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Figure 2: (a) and (b) [color on-line] Numerical simulatioosthe
effect of a counterclockwise rotating field of constant ampktwon
a 310nm wide triangle. The projection aloxgof the magnetiza-
tion is plotted with the corresponding field direction (thied arrow)
and global magnetization orientation (white arrow). (cpEsmental
longitudinal Kerr magnetization plotted against theomponent of
a counterclockwise rotating field, o= 324 Oe (sweeping direction
given by the black arrows), for an array of 300 nm wide, 9 nrakhi
triangles.



400 | —°o— = 60° i 60
—+— +60° | B
) f !
150 ] 30
Q 200 S §
T 1;:;\\ ~ .))/’ 7'_'.,',
n\ Z
0-180 0

Stoner-Wohlfarth, K, = 10560 J/m’

Figure 3: [color on-line] Polar plot of the rotating field altypde
versus the angle at which occurs & @6tation of the global magneti-
zation in 300 nm wide, 9 nm thick triangles. Clockwise (respun-
terclockwise) fields yield the60° transitions, empty symbols (resp.
+60°, closed symbols). The solid line is a fit to the Stoner-Wattifa
calculation of the 0- 60° transition, withKg = 10560J/m8.

tion of the global magnetization drawn schematically by
large white arrows in Fig.]12b. The simulations therefore
seem to show that it is possible to address a particular
transition, the 60 rotation, by using a rotating field of
carefully chosen amplitude.

4.2. Experimental methods

The dfect of a 1 Hz rotating field was then stud-
ied experimentally using Magneto-Optical Kerfféct
(MOKE) in the longitudinal geometryx(axis in Fig.
[@b). The laser was focused into gub spot on each
array, and the field created by a combination of in-
plane fields Ky,Hy) from a quadrupole electromagnet.
A typical hysteresis loop is presented in Hig. 2¢, where
the longitudinal magnetizatioMy is plotted against
the x component of a counterclockwise rotating field
Hrot = 324 Oe. The loop exhibits 6 very clear and
sudden changes iMy, in two sets of 3 symmetrical
transitions (longitudinal field sweeping down or up).
Comparing with the simulations, these can be identified
as successive 80otations of the magnetization occur-
ring at specific projections alongof the rotating field:
hy = £270 Oehy, = +17 Oe anch,s = +£291 Oe. Be-
cause the amplitude of the field remains constant dur-
ing a full cycle, it is immediate to calculate the an-
gle of the field at the moment of the transition, using
¢i = cos ™ (hyi/Hrot), OF ¢ = cos(hyi/hy). This yields
for the loop showngp;, = 34° [180°], ¢» = 93° [1807]
and¢s = 154° [180°]. For a triangle in a Bbuckle, a
rotating field of 324 Oe will therefore induce a rotation
toward the 60 buckle just as it crosses tlge = 34° di-
rection. Faradayféects and other perturbations tend to
introduce an arbitrary slope to the loops, which we have
subtracted for clarity; the amplitude of the transitions

4

are therefore not directly comparable with the simula-
tions .

4.3. Results

For each arrayM(H) loops were measured under in-
creasing values dfl,, starting from the lowest one giv-
ing a 6-stepped loop. The data was then represented as
a polar plot representing the rotating field amplitude as
a function of the transition angles (Fig.[3). Note that
both +60° and-60° transitions are represented. They
were obtained by applying the field counterclockwise or
clockwise. The experimentél;(¢) data evidences the
same characteristics as the computed higher-fietd 60
transitions either side af = 30° [60°] in the SW as-
troid. Mainly, if the magnetization lies along the bot-
tom edge of the triangle {Obuckle), it can only flip
by +60° to the following buckle under the torque of a
field applied alongt30° at the least. When this an-
gle is increased, the field required to obtain a transi-
tion strongly decreases, and ceases to be measurable at
aboutp = +45°. This is naturally reminiscent of the
magnetization reversal mechanismin ellipses, where the
additional torque from amy field perpendicular tdy
greatly reduces the switching field.

We then attempted to fit the experimerttiad: (¢) data
to the higher-field 6Dtransitions calculated in the SW
astroid (Fig. [1), the only adjustable parameter being
Ks. For the plot shown in Figl]3 for instance (300 nm
wide, 9 nm thick triangles), the best fit is thus obtained
for Kg = 10560+ 300 J/m?, or expressed in term of
anisotropy fieldHg = 264+ 8 Oe (Ms = 800kA/m).

5. Establishing a macrospin limit

This procedure was applied to triangles offelient
widths  =150-300 nm), and thicknesseés=6-26 nm).
For all of these arrays, 6-steps hysteresis loops were
easily obtained under a rotating field, antig;(¢) po-
lar plot of 60 transitions readily extracted. Before re-
trieving Hg values from these data however, the validity
limits of this method needs to be questioned. Indeed,
while the 6-stepped hysteresis loops seem to warrant
a macrospin-like behavior, and therefore legitimize the
approach described above, it can be argued that the ex-
istence of a 6D transition is not a good criteria for a
macrospin behavior in our nanostrutures, being an easy,
small amplitude ’sliding’ of spins from one buckle to the
next. A full 180 reversal, or any procedure allowing the
magnetization to relax would be a more reliable control
test. The experimental switching astroid now becomes
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Figure 4: [color on-line] Micromagnetic simulation of thevigching
astroids. The fieldH is saturated along-¢, and ramped back up
along+¢ (large empty red arrow), with the micromagnetic configu-
ration evolving from (i) to (iii). Configuration (ii) is onlypbserved
for t=15 nm. The switching fields are plotted verstis(a) 300 nm
wide, 10 nm thick triangle: abrupt switching & for H reversed
along¢ = 0°. (b) 200nm wide, 15nm thick triangle: a new, low-field
transition appears when increasing the thickness. (c) &pifigura-
tions corresponding to th¢ = 0° reversal for (a) and (b), with the
global magnetization direction given by the white arrowd éme field
direction by the full red arrow.

a useful tool, as it is measured by applying a saturat-
ing field along a directior-¢, letting M relax while re-
versing the field direction, and observing the configura-
tional changes of the spins leading to a full reversal of
the magnetization alongg.

A micromagnetic simulation of the switching astroid

Mc. For fields close to the hard axes’360°], it re-
verses in two steps, a 12@ansition followed by a 60
transition (closed symbols in Figl 4a). The latter is the
exact same transition observed under a rotating field, or
calculated using the SW model. Contrary to the SW as-
troid, the peaks along?(60°] are lower than the ones at
3 [60°]. This is a direct consequence of the complex
and diferent micromagnetic configurations in the easy
and hard axes states. In both easy and hard-axis types of
reversal, note that there is one less transition compared
to the SW model: for all field directions, the first 60
transition does not occur in the micromagnetic simula-
tions. Moreover, the locus of the 12@ansition fields
has a quite dferent shape in both cases. On the one
hand, the macrospin model identifies local energy min-
ima, without favoring any initial or final configuration:
the first 120 to 60 transitionH; in Fig. [c can only
occur if the initial configuration oM is along 120 for
instance. In the micromagnetic simulations on the other
hand, the triangle is first fully saturated in one direction,
thereby fixing the initial magnetic configuration, before
an opposite field is applied.

When the triangle widtle is increased above 150 nm
(e =200 nm) fort > 15 nm, the envelope of the astroid
remains the same, a 12-pointed star, but a new transition
appears at low fields, as shown in Higj. 4b by the dashed
line. Indeed, the simulations evidence for any applied
field direction a passage by an intermediary vortex state
(il) shown in Fig[4c. This vortex is eventually expelled
as a 60 transition does occur at higher fields. Obtaining
a 6-stepped hysteresis loop under rotating field (series
of 60° transitions) is therefore not a good 'macrospin’
criterion. Following the simulations however, a simple
remanence loop along thé @irection of the triangle
should evidence the passage by a vortex state, seen as
the presence or absence of a second step in the loop,
and determine whether it is legitimate to extracttn

was then done following the field sequence described value from the data obtained under a rotating field.

above, and the fields inducing abrupt changes of the

magnetization plotted versus the direction of the ap-
plied field. The dimensions (thickness, width) investi-
gated were identical to the experimental ones. For thick-
nessed < 10 nm at all triangle widths, as well as the
t=15 nm,e=150 nm structure, a unique shape was ob-
tained for the astroid, an example of which is shown in
Fig.[4a (first quadrant of the simulation for thel0 nm,
€=300 nm triangle). Having been described in detail
in Ref. [5], only the main dferences and similarities
with a macrospin type of reversal (FId. 1a) will be high-
lighted. For fields reversed along directions close to the
easy axes 0[60°], the magnetization does a complete
180 reversal, goinglirectly from state (i) to (iii) in Fig.

5

Remanence loops along thé @irection were mea-
sured for the dferent arrays. A clear cutdodimension
appears below which the reversal is a single steg 180
reversal (thickness 15 nm, width 300 nm), as shown
in Fig. [3, open symbols. Above this value (thick-
ness 18 nm, width 150 nm, full line in Figl 5), a dou-
ble step transition evidences the formation of a vortex,
and therefore the boundary of applicability of our SW-
based analysis of the six-fold anisotropy field. The cut-
off dimension between macrospin and non-macrospin-
like behaviors are therefore quite similar between sim-
ulations and experiments in the explored size range:
15nm thick, 200 nm wide for the first, 18 nm thick,
150 nm for the second. It may be argued that the zero-



Thickness (nm)  Width (nm) Hg (Oe)

_~ | Thickness R . : 6 300 128
=) i o e o 150 161
o | ] 9 200 317
bt 300 264
3 i 150 561
¢ 15 200 706
. i 300 670
g H Table 1: Six-fold anisotropy fieldslg extracted from rotating field
| b loops, usingHg = 2Kg/Ms.
] A —
Long Kerr -
- - - - - first approximation, but mainly on the demagnetizing
-600 -300 0 300 600 field Hgemag Of the structure. Increasirigcreates more
H (Oe) charges at the structure edges, and decreasing the width
(keepinga/b constant) brings these poles closer to-
Figure 5: [color on-line] Longitudinal Kerr remanence Isofor the gether, both leading to a largétsemag [13, (14]. A

field applied along the base of the triangles: 15 nm thick, 860 monotonous increase éfy, as a function of/ais then
‘éVidil(Op?” S,yThbo:S{i or 1% nm thi;‘:' 150 nm "‘ﬁ?e (furl(' "r\‘;)htg expected. This is in part what is observed in the tri-
aﬁg tferse?gréntheebsuﬁgzx ;ntf‘zsmairgzzisr? %‘Zha:,?gr‘c_] e, angles: at .fixed triangle Width., the apisotropy field in-
creases witht (Table[1). At fixed triangle thickness
however,Hg first increases when the width decreases,
temperature nature of these computations lets the sys-and peaks at around 200 nm before decreasing. Inter-
tem enter shallow energy wells, such as the vortex con- estingly, this latter trend with width is not observed for
figuration, whereas thermal fluctuations in the experi- anisotropy fields extracted from zero-temperature mi-
ment leave them unnoticed. Within the explored dimen- cromagnetic simulations (Fig[d] 2) following the pro-
sions, the volume of the nanostructure at the boundary cedure described in section 1.3: thig fields are in
can however be considered identical between simula- this case found to increase monotonously with increas-
tions and experiment. ing thickness and decreasing structure size. For the
smaller structurese(g 9 nm thick, 150nm wide) the
anisotropy energy) = 2MsVHg/n? deduced from
the experimental anisotropy fields amounts to about

Following this measurement, six-fold anisotropy L10ksT (volumeV of the triangle, symmetry ordem
fields were extracted from the MOKE data for triangles ©Of the structurel[4]). Thermal fluctuations then be-
e=150-300 nm and=6-15 nm, as summarized in Table come stfficient to overcome the anisotropy barrier, and
[. He increases with thickness, ranging from 128 Oe to He starts to decrease as.the structure is brought clpser
706 Oe. Where they can be compared, the values agred® the superparamagnetic regime. Note that configu-
well with the anisotropy fields obtained in thinner trian-  rational anisotropy is weak enough to let us observe
gles using MFMA [4]; the thinnest sample presented in the ferr_omagnetlsm-su_perparamagnet_lsm transition at
the present study for instance (6 nm thick, 300 nm wide) larger dimensions than in Permalloy ellipses [15].
has an anisotropy field ¢is = 128+ 10 Oe, very com- In conclusion, we have devised a simple exper-
parable to the 107 Oe obtained by MFMA in 5 nm thick, imental method to extract the six-fold anisotropy
270 nmwide triangles. The method presented here how-fields of Permalloy triangles presenting configurational
ever, gives an estimation of the limit of a macrospin de- anisotropy. Using a large rotating field to impose a par-
scription of configurational anisotropy. Finally, these ticular 60 transition, we created conditions to compare
anisotropy fields are comparable to experimental uniax- our data to a Stoner-Wohlfarth model. Moreover, us-
ial anisotropy fieldH,, obtained in Permalloy ellipses ing micromagnetic simulations, we proposed a straight-
[12], with the major diference that they are obtained in forward test to assess the validity of this approach for
non-elongated structures via configurational anisotropy. triangles of any given dimensions. Finally, we high-

In elliptical or rectangular platelets (araa b, thick- lighted the specificity of configurational anisotropy in
nesst), Hy, does not depend on exchange energy in which the usual thickness over width dependence of the

6

6. Discussion and Conclusions



anisotropy field is not fully observed due to the prox-
imity of the superparamagnetic regime. Equipped with
this fundamental parameter characterizing the magnetic
anisotropy, further work will focus on assessing the
stray field interaction between these structures, in or-
der to compare them to typical values of nanomagnets
currently used in data storage technologies.
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